Prostate cancer patients with high WNT5A expression in their tumors have been shown to have more favorable prognosis than those with low WNT5A expression. This suggests that reconstitution of Wnt5a in low WNT5A-expressing tumors might be an attractive therapeutic approach. To explore this idea, we have in the present study used Foxy-5, a WNT5A mimicking peptide, to investigate its impact on primary tumor and metastasis in vivo and on prostate cancer cell viability, apoptosis and invasion in vitro. We used an in vivo orthotopic xenograft mouse model with metastatic luciferase-labeled WNT5A-low DU145 cells and metastatic luciferase-labeled WNT5A-high PC3prostate cancer cells. We provide here the first evidence that Foxy-5 significantly inhibits the initial metastatic dissemination of tumor cells to regional and distal lymph nodes by 90% and 75%, respectively. Importantly, this effect was seen only with the WNT5A-low DU145 cells and not with the WNT5A-high PC3 cells. The inhibiting effect in the DU145-based model occurred despite the fact that no effects were observed on primary tumor growth, apoptosis or proliferation. These findings are consistent with and supported by the in vitro data, where Foxy-5 specifically targets invasion without affecting apoptosis or viability of WNT5A-low prostate cancer cells. To conclude, our data indicate that the WNT5A-mimicking peptide Foxy-5, which has been recently used in a phase 1 clinical trial, is an attractive candidate for complimentary anti-metastatic treatment of prostate cancer patients with tumors exhibiting absent or low WNT5A expression.
Introduction
Prostate cancer is the second most frequently diagnosed cancer in men and it represents one of the most common causes of cancer-related mortality in men worldwide [1, 2] . Following the surgical removal of the primary tumor, the first line treatment for patients with locally advanced prostate cancer is androgen-deprivation therapy (ADT), which results in disease remission in PLOS ONE | https://doi.org/10.1371/journal.pone.0184418 September 8, 2017 1 / 19 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the institution or practice at which the studies were conducted (permit number M29-13 from the Regional Ethical Board, Lund University). All surgery was performed under isoflurane anesthesia, and all efforts were made to minimize suffering. If clinical signs of illness became apparent (e.g. excessive body weight loss, hunchback or reduced motility), mice were sacrificed prior to the allowed experimental endpoint (10 weeks). In both DU145-Luc and PC3M-Luc2 experiments, it was necessary to sacrifice the animals prior to the pre-established experimental endpoint (week 9 for the DU145-Luc cells and week 6 for the PC3M-Luc2 cells).
Cell lines and reagents
The following human prostate cancer cell lines were used: DU145 and PC-3 from American Type Culture Collection (ATCC, Manassas, VA, USA); DU145-Luciferase (DU145-Luc) from Anthem Biosciences (Bangalore, India); PC3M-Luc2 from Caliper Life Sciences (Alameda, CA). DU145, PC-3 and PC3M-Luc2 cells were cultured in RPMI-1640 medium, while DU145-Luc cells were grown in Dulbecco's Modified Eagle Medium (DMEM). All media were supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. All cell lines were regularly tested to confirm the absence of mycoplasma infection. The molecular characterization of the cell lines was performed in February 2015 by LGC Standards (Cologne, Germany) and the results were then evaluated by comparison with the ATCC database (http:// www.lgcstandards-atcc.org/STR_Database.aspx). Specifically, our batches of DU145-Luc revealed 94.7% match and DU145 cells revealed 100% match in comparison with ATCC standard for DU145 cells. Our batches of PC-3 and PC3M-Luc2 cells revealed 100% match in comparison with ATCC standard for PC-3 cells. The WNT5A-mimicking peptide Foxy-5 was obtained from Bachem AG (Bubendorf, Switzerland).
In vitro cell viability and apoptosis assays
Cell viability assays were performed as previously described [33] . Briefly, for the cell viability assays, cells were seeded in 96-well plates (5,000 cells/well) for 24 h and were then treated with 50 μM or 100 μM Foxy-5 for an additional period of 24 h. A volume of 10 μl of MTT solution (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was added to each well, and the plate was incubated at 37˚C for 3-4 h. The supernatant was then discarded, and 100 μl of DMSO was added to each well. After incubating the cells for 10 min at 37˚C, the absorbance was measured using an ELISA plate reader at a wavelength of 450 nm. Apoptosis assays were performed by immunofluorescence as previously described [33] . Briefly, cells were plated on coverslips in the presence of Foxy-5, vehicle or a positive control (Galiellalactone, see [33] ). Cells were fixed and permeabilized as previously described [34] and stained with the M30 Cytodeath antibody (Roche Diagnostics) and 4',6-diamidino-2-phenylindole (DAPI), according to the manufacturer's instructions. Fluorescent images were obtained using a Nikon Eclipse 80i microscope and the NIS-Elements program.
Invasion assays
Cell invasion was measured using BD BioCoat Matrigel Invasion Chambers (BD Biosciences, Bedford, MA) as previously described [33] . Briefly, cells were starved in Serum-Free Medium (SFM) for 24 h, harvested using Versene (Invitrogen, Carlsbad, CA), and resuspended as single cells in SFM. A total of 50,000 cells were plated in the upper transwell chamber in the presence of the indicated concentrations of vehicle or Foxy-5, and the lower chamber was filled with serum-containing medium. The cells were allowed to invade at 37˚C in a humidified atmosphere of 5% CO 2 over 24 h. After fixation with 4% paraformaldehyde, migrated cells were stained with 0.2% crystal violet, and the membranes were thoroughly washed in PBS to carefully remove any residual staining solution. The membranes were then excised, the remaining dye was solubilized using a 10% SDS solution, and the absorbance was measured at 590 nm. A variation of this invasion assay is outlined in S5c Fig. where the cells that were pretreated with vehicle or Foxy-5 during 2 h and then centrifuged at 800 rpm for 3 minutes. Supernatants were discarded and cells were re-suspended in SFM and plated in the upper transwell chamber. Both groups of cells were then allowed to invade at 37˚C in a humidified atmosphere of 5% CO 2 over 22 h (to keep the total time at 24 h as above) in the absence of Foxy-5. Cell invasion was then studied as described above.
RNA extraction, reverse transcriptase PCR and real-time PCR RNA extraction, reverse transcriptase PCR and quantitative real-time PCR (qPCR) were performed as previously described [35] . Briefly, total RNA from cell lines was extracted using the RNeasy kit (Qiagen) according to the manufacturer's instructions. Two micrograms of RNA were used for cDNA synthesis using random primers and the M-MuLV reverse transcriptase enzyme (Thermo Scientific). qPCR analysis was performed on a Stratagene Mx3005P system (Agilent Technologies) using Maxima SYBR Green/Rox according to the manufacturer's instructions (Thermo Scientific). The relative expression of WNT5A was normalized to the expression of the TATA box binding protein (TBP) gene. The primers used were as follows: WNT5A-FW: 5'-TCAGGACCACATGCAGTA-3', WNT5A-RV: 5'-CTCATGGCGTTCACC ACC-3'; TBP-FW: 5'-GACTCTCACAACTGCACCCTTGCC-3', TBP-RV: 5'-TTTGCAGCT GCGGTACAATCCCAG-3'.
siRNA transfections
Transient siRNA transfections were performed with the Lipo-fectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions. The following siRNA oligonucleotides were used: from Invitrogen, anti-WNT5A siRNA #1 (s14871; 100 nM), anti-WNT5A siRNA #2 (s14872; 100 nM), Negative Control siRNA (#4390843; 100 nM) After 4 h, the transfection complex was replaced with fresh cell media supplemented with 10% FBS, and the cells were subsequently allowed to grow for 48 h prior to analysis.
Western blotting
Protein extractions, determinations of protein concentration and western blots were performed as previously described [33] . Briefly, 40 μg of total proteins were prepared in 4x Laemmli buffer and heated to 95˚C for 5 min prior to loading on an SDS-PAGE gel. After separation and transfer of the proteins to PVDF membranes, the membranes were blocked and probed with the following antibodies: anti-WNT5A (R&D Systems, 1:100); anti-α-tubulin (Santa Cruz Biotechnology, 1:10000). After washing, the membranes were incubated with either rabbit anti-goat or goat anti-rabbit/mouse HRP-conjugated secondary antibodies (Dako). Following a second wash, the separated protein bands were visualized using the Immobilon Western Chemiluminescence HRP substrate (Millipore) and were imaged and analyzed using the ChemiDoc imaging system (Bio-Rad).
Animal experiments and in vivo imaging
In vivo experiments were performed as previously described [33] . Briefly, 1 x 10 6 DU145-Luc or PC3M-Luc2 cells were injected into the prostate of 8-week old NMRI nude mice (Janvier When tumors in at least 50% of the injected animals were detectable by IVIS imaging, the animals were divided into two groups with similar average bioluminescence index (BLI).
In the DU145-Luc experiment, the animals were grouped 3 weeks after cell injections and they were treated intraperitoneally (IP) every 2 days with either Foxy-5 (2 mg/kg) or 0.9% NaCl. Treatments were initiated 3 weeks after cell injection and lasted for 6 weeks. In the PC3M-Luc2 experiment, animals were grouped one week after cell injection and they were treated IP every 2 days with either Foxy-5 (2 mg/kg) or 0.9% NaCl. Treatments were initiated 2 weeks after cell injection and lasted for 4 weeks. The average blood volume in nude mice is approximately 2 mL. Based on this, we have calculated that each IP injection would result in 50 μM of Foxy-5 in the circulation. Since the in vivo IP injections were given every second day throughout the treatment period and only one dose of Foxy-5 was added at the start of each in vitro experiment, we believe a lower concentration of Foxy-5 for the in vivo experiments compared to that used in vitro is sufficient.
In both experiments (DU145-Luc and PC3M-Luc2) on the day of sacrifice each animal was injected with D-Luciferin (via IP) and imaged after 2 to 5 minutes under anesthesia. After the first imaging, the animal was sacrificed via overdose of anesthesia followed by cervical dislocation. Primary tumors were dissected and weighed individually; the tumor size was measured using a caliper, and the volume was calculated as previously described [36] . All organs were collected and imaged individually in order to detect the presence of metastases. The lymph nodes were collected and divided into the regional lymph nodes (RLN, in the pelvic and iliac areas up to the aortic bifurcation) and the distal lymph nodes (DLN, above the aortic bifurcation), and were analyzed separately. For each animal the whole procedure was performed within 15-20 minutes of the first D-Luciferin injection. Animals were processed one by one by the same person in order to avoid time delay and to standardize the procedure in the best possible way. All collected tissues were fixed in 10% formalin and embedded in paraffin for immunohistochemical staining. Bioluminescence data were quantified using Living Imaging software 4.2 (Xenogen Corporation). For the data shown in S2a Fig, all mice were injected subcutaneously with DU145 or DU145-Luc cells (2 x 10 6 cells in 0.1 ml serum-free growth medium). Tumor size was measured weekly using a caliper, and the volume was calculated as previously described [36] . Mice were maintained under specific pathogen-free conditions in the research animal facility of the Clinical research Center (Malmö, Sweden). Animals had free access to food and water and were housed with a 12-hour light-dark cycle and constant temperature.
Immunohistochemistry
Tissue sections from the primary tumors, RLN and DLN were analyzed using immunohistochemistry (IHC) to evaluate the presence of human-derived tumor cells and actively proliferating cells. Tissue sections from primary tumors were also analyzed for the presence of cleaved-caspase 3-positive cells and for the presence of CD44-positive cells. IHC staining was conducted as previously described [25] using the EnVision Flex kit and Autostainer Plus (Dako, Glostrup, Denmark), according to the manufacturer's instructions. The following antibodies were used: anti-human vimentin (M0725, clone V9, DakoPatts, Glostrup, Denmark, 1:1000), anti-Ki67 (RM-9106, clone SP6, Thermo Scientific, Hägersten, Sweden, 1:200), anticleaved caspase-3 (#9661S, Rabbit Monoclonal Antibody, Cell Signaling BioNordic, Stockholm, Sweden, 1:100), anti-human CD44 (156-3C11, Thermo Scientific, CA, USA, 1:1000). For each stained slide, 20x magnification pictures were taken using the Aperio ScanScope XT Slide Scanner (Aperio Technologies, Vista, CA, USA) system for bright field microscopy. The number of positive cells per section was calculated using the Image Scope software (Aperio). The Ki67 index was calculated as the ratio between the number of Ki67-positive cells and the number of vimentin-positive cells, using the same software. CD44 membrane staining was quantified using the "membrane v1.1" algorithm within the Halo image analysis software (Indica Labs, Corrales, NM, USA). The relative number of vimentin, cleaved caspase-3, Ki67 and CD44 positive cells was calculated by dividing each value in the Foxy-5-treated group by the average value from the corresponding vehicle-treated group.
Apoptosis detection by Tunel assay
Tissue sections from the primary tumors, RLN and DLN were analyzed for the presence of apoptotic cells using the In Situ Cell Death Detection Kit (Roche), according to manufacturer's instructions. Briefly, sections were de-paraffinized and re-hydrated according to standard protocols, and subsequently permeabilized with 0,1% Triton X-100, 0,1% sodium citrate solution.
After washing in PBS, sections were stained with TUNEL reaction mixture and incubated for 1 h at 37˚C in the dark. Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). Sections were washed again in PBS and fluorescent images were obtained directly using a Nikon Eclipse 80i microscope and the NIS-Elements program. Positive staining was quantified using the "membrane v1.1" algorithm within the Halo image analysis software (Indica Labs, Corrales, NM, USA).
MMP9 detection
The amount of human active Matrix Metalloproteinase 9 (MMP9) in the conditioned medium of vehicle-or Foxy-5-treated cells was measured by ELISA using the Human MMP-9 ELISA kit (#DEIA1161, Creative Diagnostics, Shirley N, USA) according to the manufacturer's instructions.
Statistical analyses
For the DU145-Luc in vivo experiment, 3 animals from the vehicle group and 2 animals from the Foxy-5 group were excluded from the study due to poor tumor growth, and the final number of animals evaluated was 10 for the vehicle treatment and 11 for the Foxy-5 treatment. For the PC3M-Luc2 in vivo experiment, 2 animals from the vehicle group were excluded because they were found dead during the experiment, possibly due to bladder obstruction caused by abnormal tumor growth. Therefore, the final number of animals evaluated was 11 for the vehicle treatment and 13 for the Foxy-5 treatment. All in vitro experiments were performed at least 3 times in triplicate or quadruplicate. All statistical analyses were performed using Graph Pad Prism software, and statistical significance was determined using ANOVA or Student's t-test. More details regarding the specific statistical analyses used for each experiment are reported in the figure legends.
Results
To establish an adequate model for studying the role of WNT5A in prostate cancer progression and in particular in metastasis, we first searched for suitable prostate cancer cell lines. According to previously published literature, we focused on DU145 and PC3 cell lines, which are known to be highly aggressive and metastatic in vivo [37] . Further characterization of these cells revealed that WNT5A expression is detected in DU145 and PC3 cell lines at both mRNA and protein levels; however, the level of WNT5A expression is significantly higher in PC3 cells (Fig 1) . Due to this difference in endogenous WNT5A expression we decided to test both cell lines for their response to Foxy-5 in an in vitro invasion assay. Interestingly, we observed that Foxy-5 treatment significantly reduced DU145 cell invasion by 40% (Fig 2a) , but it had no effect on PC3 cell invasion (Fig 2b) . These data are in accordance with previous results showing that rWNT5A impairs DU145 cell invasion whereas it has no effect on PC3 cell invasion [25] . To be able to visualize the continuous growth and dissemination of prostate cancer cells in vivo, it is advantageous to use luciferase-expressing cells, but it is well known that the transfection of cancer cell lines can affect their behavior. This led us to perform experiments to ascertain that the DU145-Luc and PC3M-Luc2 cells, intended for the in vivo experiments, did not differ in their response to Foxy-5 from the parental DU145 and PC3 cells. Our results show that Foxy-5 reduces DU145-Luc cell invasion by 40%, while it has no effect on the invasion of PC3M-Luc2 cells (Fig 2c and 2d) . This indicates that the Luc transfection of DU145 and PC3 cells does not affect their responsiveness to Foxy-5 in vitro.
Next, we analyzed the effects of Foxy-5 on parental DU145 cell viability by MTT assay and we found that Foxy-5 stimulation for 24 h led to no significant effects at either 50 μM or 100 μM (S1a Fig). A similar lack of response was also observed in DU145-Luc cells (S1b Fig). Moreover, when we performed the immunofluorescence staining with the M30-Cytodeath antibody, we did not detect any apoptosis in DU145-Luc cells after 24 h of treatment with either vehicle or Foxy-5 (S1c Fig). In addition to the above results, we also found that parental DU145 and DU145-Luc cells exhibit similar growth in a subcutaneous in vivo model ( S2a Fig). These results support the use of DU145-Luc cells for our in vivo studies.
In order to study the effects of Foxy-5 on tumor growth and metastatic spreading in vivo, immunodeficient NMRI nude mice were injected orthotopically with cells expressing low levels of WNT5A (DU145-Luc) or with cells expressing higher levels of WNT5A (PC3M-Luc2). Tumors were allowed to establish during a time period of 1 to 3 weeks. Once detectable in at least 50% of the injected animals via BLI, treatment began with either vehicle or Foxy-5. In both DU145-Luc and PC3M-Luc2 experiments, the bioluminescence analysis of tumor growth (BLI signal) revealed no significant differences between the vehicle-treated and the Foxy-5-groups (Figs 3a and 4a, S2c and S3a Figs). There was no significant difference in animal weight between the two groups, indicating that the treatment with Foxy-5 was well tolerated (S2b and S3b Figs). Moreover, we observed no differences in tumor weight (Figs 3b and 4b ) or tumor volume (Figs 3c and 4c) between vehicle-and Foxy-5 treated groups in neither DU145-Luc nor PC3M-Luc2 inoculated animals. Necropsies of the mice revealed the presence of metastases in different organs, as detected by in vivo bioluminescence assay and showed in S1 and S2 Tables. However, the low incidence of metastasis to spleen, bones, lungs and liver prevented us from performing further analyses on these tissues, thus we decided to focus our study on the initial metastatic spread to the lymph nodes. Importantly, the quantification of the BLI signal in the RLN and DLN of animals injected with DU145-Luc cells showed that Foxy-5 significantly reduced metastases to both RLN by 90% and to DLN by 75% (Fig 3d and 3e) . On the contrary, the same quantification in the lymph nodes of animals injected with PC3M-Luc2 cells showed no difference between the vehicle-and the Foxy-5-treated groups (Fig 4d and 4e) .
To complement the above data showing an anti-metastatic effect of Foxy-5 in animals inoculated with DU145-Luc cells, we stained their primary tumors, RLN and DLN with specific antibodies to identify tumor cells (human-vimentin staining), apoptotic cells (cleaved-caspase 3 staining) or actively proliferating cells (Ki67 staining). Additionally, apoptotic cells were also visualized by Tunel assay in tumors, RNL and DLN. Immunohistochemical analyses of the primary tumors revealed no significant differences in the number of vimentin-positive cells (Fig  5a) , apoptotic cells (Fig 5b) or proliferating cells (Fig 5c) , which is consistent with the BLI data (Fig 3a) .
The reduced vimentin staining of RLN and DLN in the Foxy-5 treated animals (Fig 6a and  6c) confirmed the decreased BLI intensities observed in the lymph nodes in vivo (Fig 3d and  3e) , suggesting that Foxy-5 significantly reduces the number of tumor cells in the RLN and DLN. In accordance with the in vitro and the in vivo data from the primary tumors, Foxy-5 had no significant effects on the number of proliferating cells in the RLN and DLN (Fig 6b and  6d) . Moreover, the quantification of Tunel-positive cells in tumors, RLN and DLN showed no difference between vehicle-and Foxy-5 treated animals, which indicates that Foxy-5 doesn't have any effect on apoptosis in vivo (S4 Fig). Taken together, our results show that Foxy-5 specifically inhibits the early metastatic spread of WNT5A-low (DU145-Luc) but not WNT5A-high (PC3M-Luc2) cells. This effect of Foxy-5 on DU145-Luc prostate cancer cells occurred without affecting the growth of the primary tumor or the proliferation of tumor cells.
Since WNT5A inhibits breast cancer cell migration and invasion in part by reducing the levels of CD44 [38, 39] , we have explored if WNT5A signaling regulates the expression of this protein also in prostate cancer tissue. This analysis was performed on all DU145-Luc primary tumors treated with vehicle or Foxy-5. The results obtained show no differences in the expression levels of CD44 between the vehicle-and Foxy-5-treated groups ( S5a Fig). Additionally, we also investigated the possibility that WNT5A signaling caused a reduced secretion of MMP9 in prostate cancer cells. The rationale behind this is that WNT5A signaling is known to impair invasion of breast cancer cells in part by reducing extracellular MMP9 activity [40] . However, we didn't find any significant reduction in the secretion of MMP9 after Foxy-5 treatment from neither DU145 nor PC3 cells ( S5b Fig). These data indicate that neither alteration in CD44 expression nor MMP9 secretion are part of the mechanism whereby Foxy-5 exerts its anti- Results are presented as the mean ± s.e.m.; statistical significance was determined using unpaired Student-t test (**p < 0.01, ***p < 0.001, n.s. denotes not significant). One to six lymph nodes per animal in each group (vehicle-and Foxy-5-treated) were included in the analysis. (e) Representative bioluminescence images of metastatic lymph nodes from vehicle-and Foxy-5-treated animals. Images were taken directly after each animal had been sacrificed. One to six lymph nodes per animal in each group (vehicle-and Foxy-5-treated) were included in the analysis.
invasion and anti-metastatic effects on DU145 prostate cancer cells. Since the half-life of peptides in vivo is known to be very short, we tested if a brief exposure to Foxy-5 would have effect on DU145 cell invasion. For this, we pre-treated DU145 cells with vehicle or Foxy-5 for 2 h and then we plated the cells for the invasion assay in the absence of Foxy-5. Interestingly, we found that a 2 h exposure to Foxy-5 is sufficient enough to significantly reduce the invasion of DU145 cells in vitro ( S5c Fig). 
Discussion
It has previously been shown that preserved expression of WNT5A in the primary tumor is associated with increased time to biochemical recurrence in patients with low-grade prostate cancer [26] . Moreover, patients with high endogenous WNT5A levels show a longer survival time and an overall better outcome compared to patients with low WNT5A levels [25] . Consequently, the group of prostate cancer patients that would most highly benefit from the reconstitution of WNT5A functions is the one that includes patients with absent or low WNT5A expression in their tumors. These indications prompted us to test the effect of the WNT5A agonist Foxy-5 on the invasion of both DU145 (with a low endogenous expression of WNT5A) and PC3 prostate cancer cells (with high endogenous level of WNT5A). As expected, our data clearly show a significant effect of Foxy-5 on invasion of WNT5A-low DU145 cells but not on WNT5A-high PC3 cells. Furthermore, our results reveal that although Foxy-5 impairs DU145 cell invasion it does not affect viability or apoptosis in vitro. Our in vivo data clearly show that animals inoculated with WNT5A-low DU145 cells and treated with Foxy-5 have a significantly reduced metastatic spread to regional and distal lymph nodes. In good agreement with our in vitro data, Foxy-5 does not significantly affect apoptosis or proliferation of tumors derived from DU145 cells in vivo. In accordance with our finding that Foxy-5 did not affect in vitro invasion of PC3 cells, it did not impair the metastatic spread of the WNT5A-high PC3 cells in vivo. If we combine our in vitro and in vivo data, we can then conclude that the mechanism behind the observed effects of Foxy-5 on tumor metastases in vivo is most readily explained by impaired DU145 cell migration and invasion.
There are several intracellular signaling pathways and adhesion molecules through which WNT5A has been shown to regulate migration and invasion of tumor cells. In breast cancer, for example, WNT5A is known to inhibit cell migration and invasion partly by reducing the levels of CD44 [38] . Specifically, it has been shown that the WNT5A-mediated suppression of CD44 reduces the downstream AKT signaling, which further explains how WNT5A signaling impairs breast cancer cell migration and invasion [39] . CD44 is known to play a similar role in prostate cancer, as it mediates the adhesion between prostate cancer cells and endothelial cells and it is also implicated in prostate cancer cell invasion [41, 42] . However, we found no effects of Foxy-5 on the expression of CD44 in vivo and therefore we conclude that the anti-metastatic effect of Foxy-5 observed in DU145 cells is not mediated via CD44.
It has also been shown that WNT5A impairs breast cancer cells invasion partly by reducing MMP9 activity [40] . However, we didn't find any significant reduction in the secretion of active MMP9 after the treatment with Foxy-5 in either DU145 or PC3 prostate cancer cells. Despite the fact that MMPs are key regulators of invasion in prostate cancer cells [43] [44] [45] , our results indicate that MMP9 is not a target of Foxy-5 in DU145 prostate cancer cells, which is in All results are presented as the mean ± s.e. m.; statistical significance was determined using unpaired Student-t test (n.s. denotes not significant). Images were taken with a 20X objective (Scale bar = 100 μm).
contrast to breast cancer cells [40] . Importantly, our present results lend direct support to recent findings implicating WNT5A in the suppression of prostate cancer metastases through a complex network of signaling proteins, including Snail, Cyclin D1 and c-Myc [46] . Moreover, WNT5A may be involved in the regulation of prostate cancer cells adhesion, as already shown in several other tumors [31, [47] [48] [49] . Thus, we conclude that WNT5A signaling impairs prostate and breast cancer metastases differently and in each case via several parallel mechanisms.
Although we believe that the difference in response to Foxy-5 between DU145 and PC3 cells is related to their endogenous expression of WNT5A, an alternative explanation could be a difference in WNT5A receptor expression. WNT5A is known to elicit non-canonical signaling upon binding to different receptor/co-receptor complexes, including ROR-2 and Frizzled receptors [50, 51] . Both DU145 and PC3 cell lines express ROR-2 [46] and it is known that the WNT5A associated Frizzled receptors Fzd-2, Fzd-3, Fzd-5 and Fzd-7 are also expressed on these cells as well as on other PCa cell lines [46, [52] [53] [54] . In addition, the Fzd-5 receptor, a commonly described receptor for WNT5A, has an even higher expression (at both mRNA and Results are presented as the mean ± s.e.m.; statistical significance was determined using unpaired Student-t test (*p < 0.05, **p < 0.01, n.s. denotes not significant). Images were taken with a 20X objective (Scale bar = 100 μm).
protein level) in PC3 cells compared with DU145 cells [55] . For these reasons, we believe that a difference in the expression of Frizzled or ROR-2 receptors is an unlikely explanation of our opposite findings in DU145 and PC3 cells.
The use of Foxy-5 to reconstitute WNT5A functions has already been proven effective in reducing spontaneous metastases to the lungs and liver without affecting primary tumor growth in a breast cancer mouse model [32] . Of note, there is an important difference between the present study and our previous study, where we demonstrated anti-metastatic effect of Foxy-5 in breast cancer-based xenograft models. While in the previous study the Foxy-5 treatment regimen was started simultaneously with the inoculation of the breast cancer cells [32] , in the present study we started the Foxy-5 treatment three weeks after the inoculation of the tumor cells, which reflects a more clinical relevant situation. Preliminary unpublished data indicate that the half-life of Foxy-5 in the blood circulation is around 30 minutes in rats. This short half time may indicate that Foxy-5 undergoes the so-called hit-and-run effect, typical of small peptides in the blood circulation. Compared to a long stimulation, the hit-and-run effect indicates that this peptide binds quickly to its receptor, and that this quick binding is sufficient to guarantee a stable effect on the tumor cells. In agreement with this, we found that a short in vitro exposure to Foxy-5 (2 hours) is enough to induce a significant reduction in DU145 cell invasion, supporting the idea that Foxy-5 has a quick mode of action. However, it should be noted that while this in vitro effect was seen after a single stimulation with Foxy-5, the in vivo experiments were analyzed after continuous Foxy-5 stimulations every second day. Moreover, the hit-and-run effect also implies less toxicity, which is indeed a benefit. Our results show that Foxy-5 specifically targets cell invasion and early metastatic spread without affecting cell viability, apoptosis or proliferation both in vitro and in vivo. These results are thus in good agreement with our previously published data on clinical tumor material [25, 26] and they demonstrate that treatment with Foxy-5 is an attractive anti-metastatic therapeutic approach, even after a primary tumor has been established.
As previously mentioned, there have been conflicting reports regarding the role of WNT5A in the progression of prostate cancer [25] [26] [27] [28] [29] . One study examining a small cohort of prostate cancer patients indicated a worse outcome for patients with high endogenous WNT5A levels in their cancer tissues [27] . A second more recent study reported the association of the noncanonical Wnt pathway with biochemical recurrence and metastasis in aggressive prostate cancer [29] . Another recent publication implicates non-canonical Wnt signaling in prostate cancer progression and anti-androgen resistance [30] . However, the main limitation of the three cited studies is the small size of the analyzed cohorts (98, 40 and 13 patients, respectively), which indicates that this association is probably limited to a small subgroup of prostate cancer patients. Our present in vitro and in vivo data are highly consistent with the findings reported in three other studies examining larger cohorts of prostate cancer patients and showing that patients with high endogenous WNT5A protein levels in their tumors have better outcomes and longer overall survival times compared with patients with low WNT5A levels [25, 26, 28] .
Thus, our study further supports the use of Foxy-5 as a future treatment for prostate cancer patients that lack or show reduced endogenous expression of WNT5A in their primary tumor. According to our results, such a treatment would delay or inhibit the initial metastatic spread and thus the establishment of local and distal metastases in these patients. Moreover, the fact that Foxy-5 selectively targets metastatic dissemination is very interesting from a therapeutic perspective, since it opens the possibility for combined treatments of prostate cancer patients. As previously mentioned, important progress has been made in the treatment of prostate cancer [6] [7] [8] 56 ]; yet further improvements can be achieved by combining different therapeutic regimens [57, 58] . Since Foxy-5 exhibits a unique anti-metastatic effect and since no toxic effects were detected in a recently completed phase 1 trial (www.clinicalTrials.gov; NCT02020291), we hypothesize that this peptide can be used in combination with presently used cytotoxic compounds and thus represents a new strategy for the treatment of prostate cancer patients with low expression of WNT5A. Through such a combined approach, one might accomplish a more efficient reduction in the formation and growth of metastatic foci, resulting in an overall better clinical outcome and in a substantial improvement of quality of life in this group of patients.
Conclusion
In conclusion, this study shows that the WNT5A-mimicking peptide Foxy-5 significantly reduces the early metastatic spread of WNT5A-low DU145 prostate cancer cells in an in vivo orthotopic xenograft mouse model. These results indicate that the Foxy-5 small peptide is an attractive complementary candidate for establishing a novel anti-metastatic treatment for prostate cancer patients with no or low WNT5A expression in their tumors. Tumor size was measured weekly with a caliper, and the volume was calculated as previously described [36] . Results are presented as the mean ± s.e.m.; and statistical significance was determined using two-way ANOVA with Bonferroni post hoc test (n.s. denotes not significant). (b) Average weight of NMRI nude mice orthotopically injected with DU145-Luc cells and treated with vehicle (0.9% NaCl) or 2 mg/kg Foxy-5, as previously described. Mice were weighed twice per week starting the first week after inoculation of the cells until the end of the treatment period (week 9). Results are presented as the mean ± s.e.m.; and statistical significance was determined using two-way ANOVA with Bonferroni post hoc test (n.s. denotes not significant). Cells were transfected with either negative control siRNA (NC, 100 nM), anti-WNT5A-siRNA #1 (#1, 100 nM) or anti-WNT5A-siRNA #2 (#2, 100 nM) and incubated for 48 h. Two protein bands in the presumed WNT5A region were clearly detected in PC3 and in NC siRNA transfected cells, however only the intensity of the upper band was reduced following transfection with either WNT5A siRNA #1 or #2. A cell lysate from the WNT5A-negative human breast cancer cell line MDA-468 was used as negative control; a cell lysate from the WNT5A-positive HB2 breast cell line was used as a positive control. The lower panel shows densitometric analyses of the siRNA effects on WNT5A protein expression normalized against β-actin (n = 6). (TIF) S1 Table. 
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